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Abstract: With advancing age, the skeletal muscle extracellular matrix (ECM) undergoes fibrotic
changes that may lead to increased muscle stiffness, injury susceptibility and strength loss. This study
tested the potential of different exercises to counter these changes by stimulating the activity of
genes associated with ECM remodeling. Twenty-six healthy men (66.9 ± 3.9 years) were stratified
to two of four groups, performing unilateral (i) conventional resistance exercise, (ii) conventional
resistance exercise followed by self-myofascial release (CEBR), (iii) eccentric-only exercise (ECC)
or (iv) plyometric jumps (PLY). The non-trained leg served as control. Six hours post-exercise,
vastus lateralis muscle biopsy samples were analyzed for the expression of genes associated with
ECM collagen synthesis (COL1A1), matrix metallopeptidases (collagen degradation; MMPs) and
peptidase inhibitors (TIMP1). Significant between-group differences were found for MMP3, MMP15
and TIMP1, with the greatest responses in MMP3 and TIMP1 seen in CEBR and in MMP15 in ECC.
MMP9 (3.24–3.81-fold change) and COL1A1 (1.47–2.40-fold change) were increased in CEBR and
PLY, although between-group differences were non-significant. The expression of ECM-related genes
is exercise-specific, with CEBR and PLY triggering either earlier or stronger remodeling than other
stimuli. Training studies will test whether execution of such exercises may help counter age-associated
muscle fibrosis.
Keywords: resistance training; sarcopenia; fibrosis; plyometrics; intramuscular connective tissue

1. Introduction
The aging process into later adulthood is typically accompanied by a progressive loss of skeletal
muscle mass and function, known as ‘sarcopenia’, which is associated with adverse outcomes including
limited mobility, frailty and increased mortality [1]. A characteristic feature of sarcopenia is that

Int. J. Mol. Sci. 2020, 21, 7089; doi:10.3390/ijms21197089

www.mdpi.com/journal/ijms

Int. J. Mol. Sci. 2020, 21, 7089

2 of 16

muscle strength and power decline at a faster rate than muscle mass, leading to a decrease in muscle
functional quality [2] This is of great clinical concern since measures of muscle strength and power
have been found to predict functional decline [3], recurrent falls and fractures [4] and even all-cause
mortality [5]. Against this background, significant attempts have been made to reveal the physiological
changes underlying the age-associated loss of skeletal muscle’s capacity to generate force and power.
The factors contributing to this loss of muscle quality include, amongst others, reductions in muscle fiber
density [6] and in particular of myosin protein density [7], changes in muscle fiber and myosin heavy
chain composition [8], muscle denervation [9], impairments in muscle fiber activation, neuromuscular
junction transmission [10] and excitation-contraction coupling [11] as well as changes in acto-myosin
cross-bridge formation [12].
Nonetheless, a less described but important structure that may change with advancing age is the
muscle’s extracellular matrix (ECM). The ECM consists of a mesh of collagenous components as well as
a mixture of further macromolecules, including various glycoproteins, proteoglycans and elastin [13].
Its functions in mature muscle are manifold and include not only the mechanical support of the muscle
fibers, nerves and blood vessels but also the communication with other cells such as myoblasts [14],
fibroblasts [15] or inflammatory cells [16]. Of particular relevance to the adaptations to exercise, the
ECM is also involved in the regulation of the muscle’s pool of satellite cells [17], which give rise to
myogenic progenitor cells that reside within the ECM surrounding muscle fibers and are involved
in ECM remodeling in response to hypertrophic stimuli [15]. While it is not yet known whether this
remodeling is a prerequisite to permit myofiber hypertrophy or rather happens consequent to it, it is
now clear that the ECM plays a major role in the control of muscle growth, repair and regeneration
through its influence on satellite cells. Functionally, the intramuscular connective tissue network,
which constitutes the collagenous backbone of the ECM, serves as a medium for force transmission
along longitudinal [18] and lateral pathways [19,20]. Moreover, it may influence the capability of
muscle fibers to radially expand and thus shorten during contraction [21]. The ECM is therefore of
central importance for muscle health and function.
Advancing age is typically characterized by decreased turnover of collagens [22], which results
in excessive accumulation of intramuscular connective tissue [23] and a concomitant increase in
non-enzymatic cross-linking of collagen fibers through the accumulation of advanced glycation
end-products [24]. Animal studies suggest that the resulting fibrotic phenotype comes along
with a significant increase in muscle stiffness [25,26], which has been associated with altered
mechanotransduction as well as chemotactic and inflammatory responses [27,28]. Also, according
to animal models the collagen composition may change, particularly in the basal lamina [29,30].
Alterations in this sensitive region may disturb the muscle stem cell niche, leading to a loss, poorer
activation and fibrogenic conversion of satellite cells and, consequently, a reduction of the muscle’s
regenerative capacity [27,31–33]. Functionally, the changes in muscle ECM are expected to negatively
affect force transmission along both longitudinal and lateral pathways [34–36]. Together, the current
evidence suggests that age-associated ECM remodeling renders the muscle stiffer, weaker and more
susceptible to injury. It is, therefore, imperative to develop intervention strategies to mitigate these
changes. While different countermeasures, including pharmacological or nutritional interventions,
could be tested, physical exercise appears to be the most obvious approach due to its demonstrated
potential to counter the loss of muscle mass and function and improve functionality and quality of life
in older adults [37].
As compared to the well-described effects on contractile muscle cells, little is known about
the consequences of physical training on skeletal muscle ECM in humans. An early study by
Suominen et al. [38] found prolyl hydroxylase activity to be increased after 8 weeks of endurance
training. The only studies to document the effects of prolonged resistance training on muscle ECM have
been performed in rodents and suggest that the deposition of connective tissue in older muscles may be
reduced by resistance training [39,40]. Acute studies in young humans indicate that genes associated
with both the synthesis and degradation of intramuscular connective tissue may be activated through

Int. J. Mol. Sci. 2020, 21, 7089

3 of 16

(particularly eccentric) resistance exercise [41–43]. Pilot data acquired by our group, however, suggest
that the genetic response to exercise might differ between young and elderly subjects, with the latter
showing a reduced expression of genes responsible for the biosynthesis of connective tissue-degrading
enzymes [44]. Others have proposed that fascial tissues would be best stimulated by the performance
of rapid, low-amplitude stretch-shortening cycles (i.e., bouncing movements) or myofascial release
techniques like foam rolling, which are assumed to benefit tissue rehydration [45] but these hypotheses
are yet to be explicitly tested. Hence, the practices best suited to induce cell turnover in skeletal muscle
ECM and particularly its collagenous components, in older age are not currently known.
With the overarching goal of developing long-term training interventions capable of “rejuvenating”
the muscle-based ECM, the aim of the present study was to test and compare the effects of different
exercise stimuli on the acute expression of genes associated with remodeling of the intramuscular
connective tissue network [like COL1A1, MMP2, MMP9] in the vastus lateralis muscle in older age.
For this purpose, we recruited a sample of elderly men who were stratified for lower limb muscle
quality and then randomly assigned to two out of four possible exercise groups, with exercises being
interspersed by two weeks. Vastus lateralis biopsies were taken six hours after cessation of exercise.
Considering the evidence from previous research [42,43] and current exercise training recommendations
for fascial connective tissues [45], we expected plyometric exercise to provoke the greatest response of
genes such as COL1A1 (encoding the biosynthesis of type I collagen) as well as MMP2 and MMP9
(encoding two matrix metallopeptidases, that is, collagen-degrading enzymes), followed by eccentric
exercise, concentric-eccentric exercise assisted by myofascial release techniques (i.e., external, manual
pressure) and concentric-eccentric exercise alone.
2. Results
2.1. Subjects Characteristics
The subjects’ anthropometric characteristics, muscle quality indices and 1-RM strength are shown
in Table 1.
Table 1. Anthropometric characteristics, muscle quality and strength by exercise group.
CE (n = 12)

CEBR (n = 12)

ECC (n = 13)

PLY (n = 12)

Age (yr)

67.5 ± 4.7

67 ± 3.3

67.3 ± 4.5

65.4 ± 3.7

Height (cm)

174.5 ± 5.5

176.9 ± 4.6

176.1 ± 4.8

176 ± 4.8

Body mass (kg)

81.5 ± 13

77.4 ± 9.7

77.5 ± 9.9

76.6 ± 8.9

BMI (kg/m2 )

26.9 ± 4.9

24.7 ± 2.5

24.9 ± 2.5

24.7 ± 2.2

MQI (W/kg muscle mass)

5.3 ± 0.9

5.5 ± 1.1

5.8 ± 1

5.4 ± 0.9

1-RM left (kg)

57.3 ± 8.8

55 ± 5.3

58.6 ± 9.5

54 ± 7.4

1-RM right (kg)

55 ± 7.7

53.5 ± 5.3

57.3 ± 8.8

55.5 ± 6

Rel. 1-RM left (kg/kg body mass)

0.7 ± 0.1

0.7 ± 0.1

0.8 ± 0.1

0.7 ± 0.1

Rel. 1-RM right (kg/kg body mass)

0.7 ± 0.1

0.7 ± 0.1

0.7 ± 0.1

0.7 ± 0.1

CE: Concentric-eccentric knee extension exercise, CEBR: Concentric-eccentric knee extension exercise followed by
foam rolling, ECC: Eccentric knee extension exercise, PLY: Plyometric exercise. MQI: muscle quality index [46].
1-RM: knee extension one-repetition maximum load. Note that all subjects were stratified by the muscle quality
index and then assigned to two out of the four exercise groups.

2.2. Gene Expression
The activities of all genes are descriptively shown by exercise group in Table 2. Statistically
significant correlations were found between MMP2 and COL1A1 (r = 0.775, p < 0.001), MMP9 and
COL1A1 (r = 0.551, p = 0.001), MMP3 and TIMP1 (r = 0.512, p = 0.002), MMP9 and TIMP1 (r = 0.610,
p < 0.001) and MMP15 and TIMP1 (r = −0.392, p = 0.022). Consequently, ratios of these genes were
calculated and compared between exercise groups.
No statistically significant differences between the four exercise groups were found for MMP2,
MMP9, COL1A1 or COL7A1 (all p > 0.05), although there was a large range in the mean expression
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between groups in COL1A1 (0.84 to 2.40-fold changes) and MMP9 (0.75 to 3.81-fold changes).
For MMP3, a statistically significant difference was found between PLY and CEBR (p = 0.024), with gene
expression increasing 5.25-fold following CEBR but slightly decreasing (0.93-fold change) after PLY.
Similarly, changes in gene expression were greater in CEBR than CE (0.93-fold change; p = 0.025).
Since univariable models showed that MMP3 gene expression was significantly more upregulated in
stronger subjects (p = 0.009), a multivariable model accounting for both exercise group and relative
1-RM was run. This model confirmed the statistical differences in MMP3 mRNA expression between
exercise groups (PLY v.s. CEBR: p = 0.022; CE v.s. CEBR: p = 0.023), however the effect of relative 1-RM
failed to reach statistical significance (p = 0.197).
Table 2. Expressions of genes by exercise group.
CE (n = 12)

CEBR (n = 12)

ECC (n = 13)

PLY (n = 12)

MMP2

1.00 ± 0.26

0.87 ± 0.28

0.94 ± 0.29

0.89 ± 0.19

MMP3 a,b

0.93 ± 0.69

5.25 ± 4.68

5.41 ± 11.1

0.93 ± 0.52

MMP9

0.75 ± 0.38

3.81 ± 5.66

0.82 ± 0.76

3.24 ± 4.05

MMP15 c

1.29 ± 0.65

0.80 ± 0.20

1.19 ± 0.58

0.92 ± 0.64

COL1A1

0.84 ± 0.36

2.40 ± 4.08

0.88 ± 0.54

1.47 ± 1.45

COL7A1

0.99 ± 0.25

1.07 ± 0.22

1.24 ± 0.53

1.77 ± 2.06

TIMP1 b

0.83 ± 0.20

1.36 ± 0.46

0.99 ± 0.29

1.14 ± 0.34

c

1.46 ± 1.02

0.80 ± 0.33

1.51 ± 1.04

0.93 ± 0.51

MMP9:COL1A1

0.95 ± 0.34

2.72 ± 2.61

1.14 ± 1.54

3.31 ± 4.39

MMP3:TIMP1 a,b

1.06 ± 0.79

3.49 ± 2.61

4.98 ± 9.59

0.87 ± 0.57

MMP9:TIMP1

0.90 ± 0.35

3.09 ± 4.98

0.74 ± 0.60

2.69 ± 2.97

MMP15:TIMP1 c

1.68 ± 1.16

0.64 ± 0.26

1.33 ± 0.79

0.98 ± 0.98

MMP2:COL1A1

CE: Concentric-eccentric knee extension exercise, CEBR: Concentric-eccentric knee extension exercise followed
by foam rolling, ECC: Eccentric knee extension exercise, PLY: Plyometric exercise. Values are means ± SD of
fold-changes in gene activity in the trained versus untrained limb. The superscript indices a–c represent significant
differences between CEBR-PLY (a ), CE-CEBR (b ) and CEBR-ECC (c ). All subjects were randomly assigned to two of
the four exercise groups.

A significant difference was also found between ECC and CEBR for MMP15 (p = 0.045).
Here, a small increase in mRNA level was observed in ECC (1.19-fold change) whilst a moderate
decrease was observed in CEBR (0.80-fold change). The effects of potentially confounding factors
including baseline 1-RM, maximal and integrated EMG activity, exercise session and the leg tested
were all non-significant (p > 0.05).
Changes in TIMP 1 were statistically different between CE (0.83-fold change) and CEBR (1.36-fold
change; p = 0.010). No significant effects of confounding factors were observed (all p > 0.05). Boxplots
of all genes forInt.which
levels statistically differed between exercise groups are shown
J. Mol. Sci.mRNA
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2.3. Rates of Perceived Exertion
RPE values were 7.67 ± 1.30, 6.75 ± 1.14, 6.31 ± 1.84 and 7.42 ± 1.16 in CE, CEBR, ECC and PLY,
respectively. A statistically significant difference was found between CE and ECC (p = 0.044), with
the perceived exertion being significantly larger in CE. No statistical differences between the other
groups were observed. Furthermore, no significant influence of the order of exercise session or the
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2.3. Rates of Perceived Exertion
RPE values were 7.67 ± 1.30, 6.75 ± 1.14, 6.31 ± 1.84 and 7.42 ± 1.16 in CE, CEBR, ECC and PLY,
respectively. A statistically significant difference was found between CE and ECC (p = 0.044), with the
perceived exertion being significantly larger in CE. No statistical differences between the other groups
were observed. Furthermore, no significant influence of the order of exercise session or the leg tested
was found.
3. Discussion
The present study compared the acute effects of different exercise stimuli on the mRNA expression
levels of genes associated with remodeling of the intramuscular connective tissue network in 24 elderly
men. Our results showed that MMP3, MMP15 and TIMP1 were differentially activated by the
different exercise modes as well as by foam rolling, with MMP3 and TIMP1 being most strongly
stimulated by conventional concentric-eccentric resistance exercise with subsequent foam rolling (CEBR).
MMP15, by contrast, was increased the most by eccentric-only training (ECC). Here, we discuss the
potential implications of our findings for the development of training interventions that aim to
rejuvenate the ECM of skeletal muscles at older age.
The regulation of the ECM and particularly its collagenous components, is a complex process that
requires a finely tuned interplay between multiple growth factors, such as transforming growth factor
beta or connective tissue growth factor, which may set profibrotic signaling cascades in motion and
proteoglycans like decorin and biglycan that act to deactivate these growth factors [47,48]. In addition
to collagen biosynthesis regulation, enzymes belonging to the family of matrix metallopeptidases
(MMPs) and their antagonists, the tissue inhibitors of matrix metallopeptidases (TIMPs), may influence
tissue remodeling by directly degrading various collagen types [49]. The genes examined in the
present study (COL1A1, COL7A1, MMP2, MMP3, MMP9, MMP15, TIMP1) were selected based on
their demonstrated importance for intramuscular connective tissue remodeling (COL1A1, MMP2,
MMP9, TIMP1) as well as on the basis of our pilot study, in which we compared their exercise-induced
expression between young and elderly men [44]. The main finding of that study was that conventional
resistance exercise (CE) led to a significant upregulation of genes encoding both MMPs (MMP3, MMP9)
and collagens (COL1A1) in young men, whereas the same genes were either unaltered (COL1A1) or
even downregulated (MMP3, MMP9) in senior men. These observations, together with the notion
that aberrant muscle repair of (exercise-induced) muscle damage may be responsible for the fibrotic
phenotype often seen in skeletal muscles of older people [50], led us to speculate that standard
resistance exercise stimuli, as typically prescribed for older adults [51], may not be ideally suited to
stimulate cell turnover in the ECM of older skeletal muscles. The present study was performed in an
attempt to identify the most potent exercise stimuli in terms of their capacity to induce renewal of
the intramuscular connective tissue network. The exercises tested were selected based on evidence
from earlier studies in young individuals that the transcriptional response to a single bout of eccentric
contractions was stronger than to concentric contractions [52–54] and the partly unsubstantiated,
yet frequently purported contention that fascial tissues would react to rhythmic stretch and recoil
induced by bouncing movements such as repeated jumps or rehydration practices such as foam
rolling [45]. All exercises were perceived as similarly strenuous, with RPE values ranging between 6.3
(ECC) and 7.7 (CE), on average.
COL1A1 is a gene encoding the collagen type I alpha chain, which is a fibril-forming collagen
present in all layers of intramuscular connective tissue and the most abundant form of collagen in
muscle [55]. Earlier studies performed by us [44] and others [56,57] have shown that an acute bout of
conventional (i.e., concentric-eccentric) resistance exercise increases either the expression of COL1A1
or collagen protein fractional synthesis rates within 1.0–8.5 h in young muscle. As compared to
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these results, the current findings indicate that the exercise-induced activation of genes associated
with collagen production may differ between young and elderly subjects, as COL1A1 was decreased
0.84-fold (and COL7A1 virtually unaltered) in CE. Similarly, another study performed in elderly men
and women found COL1A1 expression (as measured in the rested state) to be slightly decreased
(0.81-fold change) even after 12 weeks of standard resistance training [58]. While care must be taken
when extrapolating genetic information to the protein level, the current body of evidence suggests
that acute conventional (i.e., concentric-eccentric) resistance exercise triggers a rapid activation of
collagen synthesis pathways in young muscle, whereas these anabolic processes may be either delayed
or attenuated in older subjects.
Previous studies testing different exercise modalities in young subjects have shown conflicting
results. While Holm et al. [56] found muscle connective tissue protein fractional synthesis rates to be
significantly more increased in subjects performing eccentric as compared to concentric contractions,
Moore et al. [57] reported no respective differences between contraction modes. In our study, which is
the first to test the effects of different exercises in elderly humans, substantial between-subject
variability precluded the differences in the expression of COL1A1 and COL7A1 between the four
exercise modalities tested from reaching statistical significance. Further research in larger samples is
required to test the hypothesis that, in elderly subjects, CEBR and PLY (leading to an up-regulation)
are more potent in stimulating the expression of genes that encode the biosynthesis of different
intramuscular collagens as compared to CE and ECC (leading to a down-regulation).
The activity of collagen-producing pathways, however, must be interpreted in concert with those
responsible for collagen degradation. Here, the MMPs 2 (gelatinase A) and 9 (gelatinase B) play
a central role in that they are able to hydrolyze type IV collagen, laminin, elastin and fibronectin,
that is, components present in the basal lamina. Thus, these MMPs are of crucial importance for the
development and repair of muscles after injury, as ECM components must be degraded to allow satellite
cells to migrate to and, ultimately, fuse with existing myofibers [59]. In agreement with earlier studies
examining their expression in muscle tissue [60], we found MMP2 levels to be virtually unaffected
by acute exercise, irrespective of the modality used. Scheede-Bergdahl et al. [61] found levels to be
increased after 2 and 8 weeks of rowing exercise in both patients suffering from type 2 diabetes and
healthy controls and suggested that prolonged exercise training may be required to increase MMP2
gene expression. As a consequence of the (non-significantly) higher expression of COL1A1 in PLY
and CEBR, the MMP2:COL1A1 ratio was lower in these exercise groups, with differences between
CEBR (0.80-fold change) and ECC (1.51-fold change) reaching statistical significance. In spite of the
lack of significant change in MMP2, it is striking that its expression was strongly and significantly
correlated with that of COL1A1 (r = 0.78), which underlines the important role that MMP2 might play
in controlling collagen biosynthesis. Further studies are required to investigate the temporal kinetics
of MMP2:COL1A1 after exercise as well its relationship with collagen I protein synthesis rates.
As opposed to the sluggish response of MMP2, previous studies examining the acute effects of
various forms of endurance exercise indicate that the expression of MMP9, which is not only responsible
for collagen degradation but also involved in satellite cell activation [62,63] and migration [64],
may change more rapidly [65–67]. The up to 3.81-fold changes in MMP9 observed in our study confirm
the generally high responsiveness of MMP9, although large variability existed both between subjects
(reflected by the large SDs shown in Table 3) and exercise modes. In terms of the latter, comparisons
between exercise groups showed no statistical differences. Hence, the observed increases in MMP9
and the MMP9:COL1A1 ratio in CEBR and PLY (as compared to no changes or decreases in CE and
ECC) warrant further statistical corroboration. The hypothesis that CEBR and PLY may truly trigger
a stronger response of genes encoding collagen-degrading enzymes receives some support by our
observation that their antagonist TIMP1 was slightly up-regulated in CEBR and PLY (1.14- to 1.36-fold
change) and either unaltered or even slightly down-regulated in CE and ECC (0.83- to 0.99-fold change;
differences between CEBR and CE statistically significant). It should be noted, however, that TIMP1
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reportedly peaks only after completion of myotube formation [64]. Consequently, the collection of
muscle samples at 6 h post-exercise may not have allowed TIMP1 levels to reach their maxima.
Table 3. Characteristics of the exercise stimuli tested.
Exercise
1
2
3
4

Eccentric-Concentric Knee Extension
Foam Rolling (after 1)
Eccentric Knee Extension
Plyometric Jumps
1

Sets
3
3
3
3

Repetitions

Rest

Intensity

12
10 (30–40 s)
12
24

20

70% 1-RM 1
Pain threshold
70% 1-RM 1 × 1.2
Slope 19–21◦

1’
1´
2´

1-RM is the concentric knee extension one-repetition maximum load.

Statistical differences were found in the exercise-induced expressions of MMP3 and MMP15 genes,
which are two less described members of the MMP family. In skeletal muscle, MMP3, also known as
stromelysin 1, appears to serve multiple purposes. First, it may be involved in the repair of muscle
tissue following injury through the facilitation of cell migration and differentiation and the activation of
other MMPs and, possibly, satellite cells [68]. Second, it may act at the neuromuscular junction where it
cleaves agrin from the synaptic basal lamina [69]. Agrin is a proteoglycan secreted by motor axons that
triggers the aggregation of acetylcholine receptors in the postsynaptic membrane. Thus, it serves to
modulate the structure and function of the neuromuscular junction [70] and excessive cleavage has been
proposed to promote sarcopenia [71]. Nonetheless, the responsiveness of MMP3 to physical exercise is
still poorly understood. Serum levels in men were reported to be either unaffected [72] or increased [73]
by resistance exercise, whilst soleus gene expression in mice suffering from peripheral artery disease
was reduced nearly 3-fold after chronic endurance training [74]. In our study, a small reduction in
MMP3 levels was observed in CE and PLY (both 0.93-fold change), which is smaller in magnitude but
directionally similar to that obtained in our pilot study [44]. By contrast, a more than 5-fold increase in
MMP3 activity was found after both CEBR and ECC, with differences between PLY and CEBR reaching
statistical significance (Table 3). In consequence, the MMP3:TIMP1 ratio was also significantly higher
in CEBR (3.49-fold change) than PLY (0.87-fold) and CE (1.06-fold). Further research is required to test
the long-term implications of MMP3 activation in terms of remodeling of the neuromuscular junction
or other muscular adaptations induced by training.
MMP15 is a membrane-type peptidase that has been associated with angiogenesis and
epithelial-mesenchymal transition in tumor progression [75,76]. While its function in muscle is
largely unknown, it is interesting to note that its reactions to acute exercise differed from the other
MMPs studied in this experiment. Not only was MMP15 the only MMP negatively correlated with
TIMP1 (r = −0.39), it was also the only MMP downregulated in CEBR and PLY (0.80- to 0.92-fold
change) while slightly upregulated in CE and ECC (1.19- to 1.29-fold change; differences between
CEBR and ECC statistically significant). As compared to MMP3 and MMP9, however, the absolute
exercise-induced changes were of rather small dimension. More basic research is required to elucidate
the role of MMP15 in skeletal muscle.
Several limitations of this study warrant consideration. The main purpose of this study was to
acquire rapidly available data reflecting the potential of exercises to induce remodeling in the skeletal
muscle ECM, to inform their selection for future long-term training interventions. While changes in
gene expression may be induced by a single exercise session, the conclusions derived from the data
presented here need to be substantiated in histological studies including measures of ECM protein
content, structure and composition. Moreover, gene activities were assessed at a single time point
only. Thus, the comparisons of exercise stimuli might have been affected by divergent time kinetics
of gene expression. The rationale for sampling at 6 h post-exercise was to minimize the effects of
any early inflammatory response that may occur between 0–4 h after exercise [77] and to conform
with the procedures adopted in our previous study [44]. For comparison of gene activities between
exercises, a within-subject study design was used that contrasted the expressions measured in the
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trained and non-trained limbs. While unilateral training bears the risk of crossover effects arising,
for example, from the systemic activity of anabolic hormones like IGF-1, intraindividual comparisons
ensure the best possible comparability of both personal (e.g., genetic predisposition, fitness level, . . . )
and environmental (e.g., nutritional status, time of the day, . . . ) factors. Thus, this study design was
selected with the intention of increasing statistical power. It must also be noted that muscle biopsy
samples contain numerous cell types, including immune cells or fibroblasts, so that altered mRNA
levels cannot be directly attributed to muscle fibers. Further, the activities of some genes, such as
COL1A1 or MMP9, which are believed to be of major importance for ECM remodeling, were not
significantly different between groups although descriptive statistics indicate potential exercise-specific
effects. While a total of 96 muscle samples were analyzed for this study and previous investigations
reported significant differences in collagen protein fractional synthesis rates between similarly sized
groups stimulated with different exercises [56], larger samples need to be studied to increase statistical
power. The roles of other genes, for which statistical differences were found (e.g., MMP15), are not
yet fully understood in skeletal muscle. Finally, our results do not provide information relating to
the specific mechanisms by which the various stimuli might trigger gene expression. Further basic
research is required to provide these mechanistic explanations, in particular for the mode of action of
foam rolling.
4. Materials and Methods
4.1. Subjects and Study Design
Twenty-six men (66.9 ± 3.9 years, 1.77 ± 0.05 m, 77.3 ± 8.8 kg) with no history of systematic
strength training performed within six months prior to the study volunteered to participate in this study.
Subjects suffering from hypertension, heart disease, musculoskeletal restrictions or acute infections
were excluded from the study. Taking of anticoagulant but not antiplatelet drugs was also considered
a criterion for exclusion. The mini mental state test [78] as well as the mini nutritional assessment [79]
were performed to ensure that participants were cognitively capable of understanding the goals and
procedures of the study and rule out malnutrition.
All subjects were scheduled for three visits. During a pretest, an index of muscle quality
was calculated as per the principles described by Barbat-Artigas et al. [46]. The study was carried
out using a partial cross-over design (see Figure 2) in which subjects were randomized to two
out of the four possible exercise groups [80], including conventional concentric-eccentric resistance
exercise (CE), conventional concentric-eccentric resistance exercise followed by self-myofascial release
using a blackroll® (CEBR), eccentric-only resistance exercise (ECC) and plyometric exercise (PLY).
The randomization was stratified [80] using the index of muscle quality determined in the pretest.
All exercises were performed unilaterally, with the trained leg being changed between exercise
sessions and a washout period of two weeks imposed between sessions, two minimize potential
crossover effects from the previous exercise. The taking of multiple biopsies from the same muscle is
not expected to influence the mRNA response provoked by acute exercise [81]. Three subjects decided
to withdraw from the study after the first testing day due to discomfort experienced after the muscle
biopsy procedure. Consequently, data were acquired in 12 subjects performing CE, CEBR and PLY and
13 subjects engaging in ECC. Details regarding the exercises tested and the measures taken on each
testing day are provided in the following sections.
The study was approved by the ethics committee of the Medical University of Innsbruck (approval
code: 1007/2017, approval date: 28 November 2018), ex ante registered in the German Clinical Trials
Register (DRKS00015750) and conducted in accordance with the Helsinki Declaration. All subjects
gave written informed consent.

Int. J. Mol. Sci. 2020, 21, 7089
Int. J. Mol. Sci. 2020, 21, 7089

9 of 16
9 of 17

Figure
lateralis
biopsies
werewere
takentaken
after completion
of the two
exercise
Figure 2.2.Study
Studydesign.
design.Vastus
Vastus
lateralis
biopsies
after completion
of the
two sessions,
exercise
which
were
interspersed
by
a
washout
period
of
two
weeks.
CE
is
unilateral
concentric-eccentric
sessions, which were interspersed by a washout period of two weeks. CE is unilateral concentricresistance
concentric-eccentric
resistance exercise
followed
by self-myofascial
release
eccentric exercise,
resistanceCEBR
exercise,
CEBR concentric-eccentric
resistance
exercise
followed by
self® , ECC eccentric-only resistance exercise and PLY plyometric exercise. A standard
using
a
blackroll
®
myofascial release using a blackroll , ECC eccentric-only resistance exercise and PLY plyometric
knee
extension
deviceknee
was extension
used for CE,
CEBR
and
ECC.
jumps
in a seated
exercise.
A standard
device
was
used
forThe
CE,PLY
CEBR
andwere
ECC.performed
The PLY jumps
were
position using a commercially available training device.
performed in a seated position using a commercially available training device.

4.2. Pretest
All exercises were performed unilaterally, with the trained leg being changed between exercise
The first
served
to (i)ofadminister
mini mental
statesessions,
and minitwo
nutritional
assessment
sessions
and session
a washout
period
two weeksthe
imposed
between
minimize
potential
questionnaires
[78,79],
(ii)
obtain
anthropometric
data,
(iii)
determine
the
muscle
quality
index
[46] for
crossover effects from the previous exercise. The taking of multiple biopsies from the same muscle
is
subject
stratification,
(iv)
measure
each
subject’s
knee
extension
one-repetition
maximum
load
(1-RM)
not expected to influence the mRNA response provoked by acute exercise [81]. Three subjects decided
to
the resistance
exercise
intensity
for the
following
sessions
and (v) experienced
familiarize subjects
the
to set
withdraw
from the
study after
the first
testing
day due
to discomfort
after thewith
muscle
proper
execution
of
plyometric
jumps
on
a
commercially
available
jump
training
device.
The
muscle
biopsy procedure. Consequently, data were acquired in 12 subjects performing CE, CEBR and PLY
quality
was
calculated
as theDetails
ratio ofregarding
leg musclethe
power,
estimated
timed sit-to-stand
and 13 index
subjects
engaging
in ECC.
exercises
testedthrough
and theameasures
taken on
test
andday
total
muscle
mass
measured
by bioimpedance analysis (BIA 101 Anniversary,
each[82]
testing
arebody
provided
in the
following
sections.
SMT The
medical,
Germany).
To measure
the ethics
knee extension
1-RM,
subjects
first performed
short
general
study
was approved
by the
committee
of the
Medical
Universitya of
Innsbruck
−1
warm-up
a cycle
ergometer
(5 min, date:
1 W·kg
) and a specific
warm-up
a knee extension
device
(approvalon
code:
1007/2017,
approval
28 November
2018),
ex ante on
registered
in the German
(GCEC-340,
Body-Solid
Inc.,
Forest
Park,
IL,
USA)
against
low-to-moderate
resistance.
From
a
starting
Clinical Trials Register (DRKS00015750) and conducted in accordance with the Helsinki Declaration.
load
of 25 kg,gave
the investigator
then gradually
All subjects
written informed
consent. increased the load until subjects were unable to execute
a single repetition with proper form. Sixty s of passive recovery was allowed between trials and
care
was taken to determine the 1-RM in as few trials as possible (≤ 4), to avoid fatigue-related bias.
4.2. Pretest
Subjects then performed ten consecutive bilateral plyometric jumps on the jump training device (Tramp
The first session served to (i) administer the mini mental state and mini nutritional assessment
Trainer TT® , Frei AG, Kirchzarten, Germany) to familiarize with its usage.
questionnaires [78,79], (ii) obtain anthropometric data, (iii) determine the muscle quality index [46]
for subject
(iv) measure each subject’s knee extension one-repetition maximum load (14.3.
Exercisestratification,
Sessions
RM) to set the resistance exercise intensity for the following sessions and (v) familiarize subjects with
The legexecution
to be trained
in the first session
by coin
toss. Prior
a general
warm-up
the proper
of plyometric
jumps was
on adetermined
commercially
available
jumptotraining
device.
The
−1 ), bipolar Ag-AgCl EMG electrodes were placed on the vastus
on
the
cycle
ergometer
(5
min,
1
W·kg
muscle quality index was calculated as the ratio of leg muscle power, estimated through a timed sitlateralis
the[82]
trained
according
to SENIAM
After the general
warm-up,
to-stand oftest
andleg
total
body muscle
massguidelines
measured[83].
by bioimpedance
analysis
(BIAthree
101
maximal
voluntary
isometric
contractions
(MVCs)
were
performed
on
the
knee
extension
device,
Anniversary, SMT medical, Germany). To measure the knee extension 1-RM, subjects first performed
which
fixedwarm-up
at 70◦ ofonknee
flexion.
During
MVC1 execution,
data were
captured
at a
a shortwas
general
a cycle
ergometer
(5 min,
W∙kg−1) andEMG
a specific
warm-up
on a knee
sampling
frequency
of
2
kHz
using
commercially
available
software
(MyoResearch
XP,
Noraxon,
extension device (GCEC-340, Body-Solid Inc., Forest Park, IL, USA) against low-to-moderate
Scottsdale,
USA).
Raw EMG
were
(common
rejection
ratio >the
100load
dB, input
resistance. AZ,
From
a starting
load signals
of 25 kg,
theamplified
investigator
then mode
gradually
increased
until
impedance
>100
MΩ,
gain
=
500),
band-pass
filtered
between
10–500
Hz,
rectified
and
then
low-pass
subjects were unable to execute a single repetition with proper form. Sixty s of passive recovery
was
allowed between trials and care was taken to determine the 1-RM in as few trials as possible (≤ 4), to
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filtered using a 4th-order Butterworth filter to obtain the linear envelope. The maximal value was
extracted and used to normalize the EMG recordings obtained during the subsequent performance
of the resistance exercises (CE, CEBR, ECC, PLY). The peak (%MVC) and integrated (%MVC·s) EMG
activities were determined for each set and averaged to quantitatively describe the degree of muscular
activation for each exercise. All EMG processing was performed offline using custom-made MATLAB
routines (MATLAB R2017b, MathWorks, Natick, MA, USA).
Using a spreadsheet to minimize the between-group differences in the muscle quality index [80],
participants were randomly stratified to either one of all four (first session) or one of the remaining
three exercises (second session). The following exercise stimuli were tested:
(1)

(2)

(3)

(4)

Concentric-eccentric knee extension exercise (CE): Subjects performed 3 × 12 concentric-eccentric
repetitions (90◦ range of motion) at 70% 1-RM with 2 min passive rest between sets. When subjects
completed < 12 repetitions in the final set, the exercise was discontinued at the point of full
exhaustion. Controlled movement speed and appropriate form were constantly controlled by an
experienced examiner.
Concentric-eccentric knee extension exercise followed by foam rolling (CEBR): Subjects performed
the knee extension exercise as detailed in a) and then proceeded to roll the lateral, medial, dorsal
and ventral aspects of the trained thigh using the foam roller, immediately after EMG electrode
removal. All 4 aspects were rolled with 3 × 10 passes, with sets taking 30–40 s to complete.
Eccentric knee extension exercise (ECC): The load for eccentric-only contractions was set at
1.2 × 70% 1-RM. The examiner manually lifted the load and subjects were requested to lower it
in a controlled manner. As in groups a) and b), 3 × 12 repetitions were completed with 2 min
inter-set rest.
Plyometric exercise (PLY): 3 × 24 single-leg plyometric jumps (2 min inter-set rest) were executed
on the Tramp Trainer TT® . Subjects were instructed to perform the jumps explosively with
accentuated knee flexion during landing to increase the stress placed on the knee extensor muscles.
Device inclination was adjusted to 19–21◦ to ensure that the final set was nearly fully exhaustive.

The subjective rating of perceived exertion (RPE) was recorded after completion of each exercise
using a 0 (no effort) to 10 (hardest imaginable effort) scale. The main characteristics of the four exercise
stimuli are summarized in Table 3.
4.4. Muscle Biopsies
Six hours after completion of exercise sessions, muscle biopsy samples were taken from the middle
of vastus lateralis (approximately 50% of the distance between the greater trochanter and the lateral
femoral epicondyle) of both legs (trained and untrained). This sampling time point was selected
with the intention of minimizing the influence of early inflammatory processes occurring 0 to 4 h
after exercise [77] and to conform with the protocol adopted in a pilot study showing a significant,
yet age-specific response of the genes analyzed in this study [44]. Five to seven minutes after local
anesthesia of the skin with bucaine, the leg was covered with sterile draping. Skin and subcutis
were incised over a length of ~5 mm. A 2.1-mm biopsy needle (HistoCore, Bard Biopsy Systems,
Tempe, AZ, US) was used on each leg. The needle was inserted twice into the same incision to harvest
sufficient tissue. After harvesting, muscle samples were separated from fat, blood and connective
tissue before being dispersed in 1 mL Allprotect® Tissue Reagent (QIAGEN GmbH, Hilden, Germany).
The samples were stored at 6–7 ◦ C for 24 h and then at −21 ◦ C until further analysis. Total RNA was
extracted from about 20 mg of muscle tissue using the RNAeasy® Plus Mini kit (QIAGEN GmbH,
Hilden, Germany) according to the manufacturer’s instructions. Samples were disrupted directly in
700 µl of Qiazol provided with the kit using the TissueLyser II (QIAGEN GmbH, Hilden, Germany)
operating at 25 Hz for 3 intervals of 2 min. Following chloroform extraction, total RNA was purified
using silica-based spin columns. Total RNA was quantified on a spectrophotometer (NanoDrop
ND-1000, PeqLab Biotechnologie GmbH, Erlangen, Germany). Purity was checked by calculating
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260/280 ratios, which were 1.95 (1.85 – 2.06). RNA (2 µg) was reverse transcribed using the High
Capacity RNA-to-cDNA™ kit (Applied Biosystems, Foster City, CA) and stored for further analyses
at −40 ◦ C.
4.5. Gene Expression Analyses
RNA expression levels were quantified on a 7500 real-time PCR system (Applied Biosystems,
Foster City, CA, USA) using standard thermal cycling conditions. Gene-specific primers and probes
provided with the commercially available TaqMan® Gene Expression Assays (Applied Biosystems,
Foster City, CA, USA) were used to assess the expression of seven genes, which were selected for their
demonstrated influence on the intramuscular connective tissue network and the results of a pilot study
showing a differential gene expression between young and elderly men [44]: collagen type I alpha 1
chain (COL1A1, Hs00164004_m1), collagen type VII alpha 1 chain (COL7A1, Hs00164310_m1), matrix
metallopeptidase 2 (MMP2, Hs01548727_m1), matrix metallopeptidase 3 (MMP3, Hs00968305_m1),
matrix metallopeptidase 9 (MMP9, Hs00957562_m1), matrix metallopeptidase 15 (MMP15,
Hs00233997_m1) and TIMP metallopeptidase inhibitor 1 (TIMP1, Hs01092512_g1). PCR reactions
consisting of the cDNA template (25 ng/well), the gene-specific primers/probe set and the TaqMan®
Gene Expression Master Mix (Applied Biosystems, Foster City, CA, USA) were prepared in a total
volume of 10 µL according to the manufacturer’s instructions. Each sample was measured in triplicate
on 384-well plates. Human skeletal muscle total RNA (AM7982, Fisher Scientific - Austria GmbH,
Vienna, Austria) served to prepare the respective standard curves (0.14–100 ng per reaction). Standard
thermal cycling conditions were applied using the Quant Studio 7 Flex Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA). In order to compensate for variations in the efficiency
of the reverse transcription, expression levels were normalized to the average of the housekeeping
genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs02786624_g1) and actin beta (ACTB,
Hs01060665_g1), which have been shown to reveal the most consistent CT values among strength
training conditions in a previous study [44].
4.6. Statistical Analyses
The study was carried out using a partial cross over design. Therefore, for each two-group
comparison dependent (for subjects assigned to both compared groups) as well as independent
(for subjects assigned to only one of the compared groups) data are available. To investigate the
differences in gene expressions between groups and to account for the specific structure of the study
design, first univariable mixed model analyses of variance with fixed factor exercise group (CE, CEBR,
ECC, PLY) and random factor subject were run separately for each of the gene expression levels
(MMP2, MMP3, MMP9, MMP15, COL1A1, COL7A1, TIMP1). Furthermore, to investigate the influence
of the potentially confounding factors baseline muscle strength (measured as 1-RM normalized to
body mass), maximal and integrated vastus lateralis EMG activity during exercise execution, exercise
session (first vs. second) and the leg tested (dominant vs. non-dominant) on gene expression levels,
again univariable mixed model ANOVAs (with random factor subject) were run separately for each
influencing factor. Then, if the univariable models showed significant effects of more than one factor
on the expression of a given gene, multivariable models were performed. In addition to the analyses of
single genes, correlations between the expressions of different genes were tested by non-parametric
partial correlations using the data acquired in all subjects, accounting for the influence of “subject”
(repeated measures due to subjects being assigned to two different exercise groups) [84]. Ratios of
pairs of genes found to be significantly correlated were compared between exercise groups using the
above procedures. RPE during exercise execution was compared between training groups using linear
mixed models accounting for group as factor and subject as random effect. Due to the exploratory
character of the study, no correction for multiplicity was done. All p-values < 0.05 were considered
as statistically significant. The analyses were performed using R, release 3.3.3 (R Development Core
Team, Vienna, Austria) and SAS 9.4 (SAS Institute, Cary, NC, USA).
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5. Conclusions
In conclusion, our study provides data reflecting the effectiveness of different exercise stimuli on
the mRNA level of genes associated with skeletal muscle ECM remodeling in elderly men. Six hours
after exercise, significant differences were found in the expressions of MMP3, MMP15 and TIMP1,
with the greatest responses in MMP3 and TIMP1 seen after conventional resistance exercise followed by
foam rolling (CEBR) and MMP15 reacting most strongly to eccentric-only exercise (ECC). Further strong,
albeit not statistically significant, upregulations of MMP9, COL1A1 and the MMP9:COL1A1 ratio
following CEBR and plyometric training (PLY) suggest that these two exercise modalities trigger
either earlier or stronger remodeling of the network of intramuscular connective tissues than the other
stimuli tested. Future longitudinal studies will show whether the incorporation of CEBR and PLY
into long-term training programs may help counter the fibrotic ECM changes typically seen in older
skeletal muscle.
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Concentric-eccentric resistance exercise followed by self-myofascial release through foam rolling using a blackroll®
Eccentric resistance exercise
Extracellular matrix
Matrix metallopeptidase
Maximal voluntary isometric contraction
Plyometric (jump) exercise
Metallopeptidase inhibitor
One-repetition maximum load

References
1.
2.

3.
4.

5.

6.

Cruz-Jentoft, A.J.; Sayer, A.A. Sarcopenia. Lancet 2019, 393, 2636–2646. [CrossRef]
Moore, A.Z.; Caturegli, G.; Metter, E.J.; Makrogiannis, S.; Resnick, S.M.; Harris, T.B.; Ferrucci, L. Difference in
Muscle Quality over the Adult Life Span and Biological Correlates in the Baltimore Longitudinal Study of
Aging. J. Am. Geriatr. Soc. 2014, 62, 230–236. [CrossRef] [PubMed]
Schaap, L.A.; Koster, A.; Visser, M. Adiposity, muscle mass, and muscle strength in relation to functional
decline in older persons. Epidemiol. Rev. 2013, 35, 51–65. [CrossRef] [PubMed]
Schaap, L.A.; van Schoor, N.M.; Lips, P.; Visser, M. Associations of Sarcopenia Definitions, and Their
Components, With the Incidence of Recurrent Falling and Fractures: The Longitudinal Aging Study
Amsterdam. J. Gerontol. A Biol. Sci. Med. Sci. 2018, 73, 1199–1204. [CrossRef] [PubMed]
Leong, D.P.; Teo, K.K.; Rangarajan, S.; Lopez-Jaramillo, P.; Avezum, A.; Orlandini, A.; Seron, P.; Ahmed, S.H.;
Rosengren, A.; Kelishadi, R.; et al. Prognostic value of grip strength: Findings from the Prospective Urban
Rural Epidemiology (PURE) study. Lancet 2015, 386, 266–273. [CrossRef]
Dahlqvist, J.R.; Vissing, C.R.; Hedermann, G.; Thomsen, C.; Vissing, J. Fat Replacement of Paraspinal Muscles
with Aging in Healthy Adults. Med. Sci. Sports Exerc. 2017, 49, 595–601. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 7089

7.

8.
9.

10.
11.
12.

13.

14.

15.

16.
17.
18.
19.
20.
21.
22.

23.

24.
25.

26.
27.
28.

13 of 16

D’Antona, G.; Pellegrino, M.A.; Adami, R.; Rossi, R.; Carlizzi, C.N.; Canepari, M.; Saltin, B.; Bottinelli, R. The
effect of ageing and immobilization on structure and function of human skeletal muscle fibres. J. Physiol.
2003, 552, 499–511. [CrossRef]
Purves-Smith, F.M.; Sgarioto, N.; Hepple, R.T. Fiber typing in aging muscle. Exerc. Sport Sci. Rev. 2014, 42,
45–52. [CrossRef]
Mosole, S.; Carraro, U.; Kern, H.; Loefler, S.; Fruhmann, H.; Vogelauer, M.; Burggraf, S.; Mayr, W.; Krenn, M.;
Paternostro-Sluga, T.; et al. Long-term high-level exercise promotes muscle reinnervation with age. J.
Neuropathol. Exp. Neurol. 2014, 73, 284–294. [CrossRef]
Deschenes, M.R. Motor unit and neuromuscular junction remodeling with aging. Curr. Aging Sci. 2011, 4,
209–220. [CrossRef]
Manini, T.M.; Hong, S.L.; Clark, B.C. Aging and muscle: A neuron’s perspective. Curr. Opin. Clin. Nutr.
Metab. Care 2013, 16, 21–26. [CrossRef]
Miller, M.S.; Callahan, D.M.; Toth, M.J. Skeletal muscle myofilament adaptations to aging, disease, and
disuse and their effects on whole muscle performance in older adult humans. Front. Physiol. 2014, 5, 369.
[CrossRef] [PubMed]
Csapo, R.; Gumpenberger, M.; Wessner, B. Skeletal Muscle Extracellular Matrix—What Do We Know About
Its Composition, Regulation, and Physiological Roles? A Narrative Review. Front. Physiol. 2020, 11, 253.
[CrossRef] [PubMed]
Chaturvedi, V.; Dye, D.E.; Kinnear, B.F.; van Kuppevelt, T.H.; Grounds, M.D.; Coombe, D.R. Interactions
between Skeletal Muscle Myoblasts and their Extracellular Matrix Revealed by a Serum Free Culture System.
PLoS ONE 2015, 10, e0127675. [CrossRef] [PubMed]
Fry, C.S.; Kirby, T.J.; Kosmac, K.; McCarthy, J.J.; Peterson, C.A. Myogenic progenitor cells control extracellular
matrix production by fibroblasts during skeletal muscle hypertrophy. Cell Stem Cell 2017, 20, 56–69. [CrossRef]
[PubMed]
Chazaud, B. Inflammation during skeletal muscle regeneration and tissue remodeling: Application to
exercise-induced muscle damage management. Immunol. Cell Biol. 2016, 94, 140–145. [CrossRef]
Almada, A.E.; Wagers, A.J. Molecular circuitry of stem cell fate in skeletal muscle regeneration, ageing and
disease. Nat. Rev. Mol. Cell Biol. 2016, 17, 267–279. [CrossRef]
Huijing, P.A. Muscle as a collagen fiber reinforced composite: A review of force transmission in muscle and
whole limb. J. Biomech. 1999, 32, 329–345. [CrossRef]
Huijing, P.A.; Baan, G.C.; Rebel, G.T. Non-myotendinous force transmission in rat extensor digitorum longus
muscle. J. Exp. Biol. 1998, 201, 683–691.
Sharafi, B.; Blemker, S.S. A mathematical model of force transmission from intrafascicularly terminating
muscle fibers. J. Biomech. 2011, 44, 2031–2039. [CrossRef]
Azizi, E.; Deslauriers, A.R.; Holt, N.C.; Eaton, C.E. Resistance to radial expansion limits muscle strain and
work. Biomech. Model Mechanobiol. 2017, 16, 1633–1643. [CrossRef] [PubMed]
Kragstrup, T.W.; Kjaer, M.; Mackey, A.L. Structural, biochemical, cellular, and functional changes in skeletal
muscle extracellular matrix with aging: Skeletal muscle ECM and aging. Scand. J. Med. Sci. Sports 2011, 21,
749–757. [CrossRef] [PubMed]
Csapo, R.; Malis, V.; Sinha, U.; Du, J.; Sinha, S. Age-associated differences in triceps surae muscle composition
and strength—An MRI-based cross-sectional comparison of contractile, adipose and connective tissue. BMC
Musculoskelet. Disord. 2014, 15, 209. [CrossRef] [PubMed]
Haus, J.M.; Carrithers, J.A.; Trappe, S.W.; Trappe, T.A. Collagen, cross-linking, and advanced glycation end
products in aging human skeletal muscle. J. Appl. Physiol. 2007, 103, 2068–2076. [CrossRef]
Wood, L.K.; Kayupov, E.; Gumucio, J.P.; Mendias, C.L.; Claflin, D.R.; Brooks, S.V. Intrinsic stiffness of
extracellular matrix increases with age in skeletal muscles of mice. J. Appl. Physiol. 2014, 117, 363–369.
[CrossRef]
Yin, H.; Price, F.; Rudnicki, M.A. Satellite cells and the muscle stem cell niche. Physiol. Rev. 2013, 93, 23–67.
[CrossRef]
Garg, K.; Boppart, M.D. Influence of exercise and aging on extracellular matrix composition in the skeletal
muscle stem cell niche. J. Appl. Physiol. 2016, 121, 1053–1058. [CrossRef]
Silver, F.H.; DeVore, D.; Siperko, L.M. Invited Review: Role of mechanophysiology in aging of ECM: Effects
of changes in mechanochemical transduction. J. Appl. Physiol. 2003, 95, 2134–2141. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7089

29.

30.
31.
32.
33.

34.

35.
36.
37.
38.
39.

40.

41.

42.

43.

44.
45.
46.
47.
48.
49.

14 of 16

Hindle, A.G.; Horning, M.; Mellish, J.-A.E.; Lawler, J.M. Diving into old age: Muscular senescence in a
large-bodied, long-lived mammal, the Weddell seal (Leptonychotes weddellii). J. Exp. Biol. 2009, 212,
790–796. [CrossRef]
Kovanen, V.; Suominen, H.; Risteli, J.; Risteli, L. Type IV collagen and laminin in slow and fast skeletal
muscle in rats—Effects of age and life-time endurance training. Coll. Relat. Res. 1988, 8, 145–153. [CrossRef]
Brack, A.S.; Conboy, M.J.; Roy, S.; Lee, M.; Kuo, C.J.; Keller, C.; Rando, T.A. Increased Wnt Signaling During
Aging Alters Muscle Stem Cell Fate and Increases Fibrosis. Science 2007, 317, 807–810. [CrossRef] [PubMed]
Sanes, J.R. The Basement Membrane/Basal Lamina of Skeletal Muscle. J. Biol. Chem. 2003, 278, 12601–12604.
[CrossRef] [PubMed]
Zhou, J.; So, K.K.; Li, Y.; Li, Y.; Yuan, J.; Ding, Y.; Chen, F.; Huang, Y.; Liu, J.; Lee, W.; et al. Elevated H3K27ac
in aged skeletal muscle leads to increase in extracellular matrix and fibrogenic conversion of muscle satellite
cells. Aging Cell 2019, 18, e12996. [CrossRef] [PubMed]
Ramaswamy, K.S.; Palmer, M.L.; van der Meulen, J.H.; Renoux, A.; Kostrominova, T.Y.; Michele, D.E.;
Faulkner, J.A. Lateral transmission of force is impaired in skeletal muscles of dystrophic mice and very
old rats: Lateral transmission of force in skeletal muscles of mice and rats. J. Physiol. 2011, 589, 1195–1208.
[CrossRef]
Zhang, C.; Gao, Y. Effects of aging on the lateral transmission of force in rat skeletal muscle. J. Biomech. 2014,
47, 944–948. [CrossRef]
Hughes, D.C.; Wallace, M.A.; Baar, K. Effects of aging, exercise, and disease on force transfer in skeletal
muscle. Am. J. Physiol. Endocrinol. Metab. 2015, 309, E1–E10. [CrossRef]
Montero-Fernández, N.; Serra-Rexach, J.A. Role of exercise on sarcopenia in the elderly. Eur. J. Phys. Rehabil.
Med. 2013, 49, 131–143.
Suominen, H.; Heikkinen, E.; Parkatti, T. Effect of eight weeks’ physical training on muscle and connective
tissue of the M. vastus lateralis in 69-year-old men and women. J. Gerontol. 1977, 32, 33–37. [CrossRef]
de Sousa Neto, I.V.; Durigan, J.L.Q.; Guzzoni, V.; Tibana, R.A.; Prestes, J.; de Araujo, H.S.S.; de Cássia, M.R.
Effects of resistance training on matrix metalloproteinase activity in skeletal muscles and blood circulation
during aging. Front. Physiol. 2018, 9, 190. [CrossRef]
Guzzoni, V.; Ribeiro, M.B.T.; Lopes, G.N.; de Cássia Marqueti, R.; de Andrade, R.V.; Selistre-de-Araujo, H.S.;
Durigan, J.L.Q. Effect of resistance training on extracellular matrix adaptations in skeletal muscle of older
rats. Front. Physiol. 2018, 9, 374. [CrossRef]
Heinemeier, K.M.; Olesen, J.L.; Haddad, F.; Langberg, H.; Kjaer, M.; Baldwin, K.M.; Schjerling, P. Expression
of collagen and related growth factors in rat tendon and skeletal muscle in response to specific contraction
types: Collagen and TGF-β-1 expression in exercised tendon and muscle. J. Physiol. 2007, 582, 1303–1316.
[CrossRef] [PubMed]
Sorensen, J.R.; Skousen, C.; Holland, A.; Williams, K.; Hyldahl, R.D. Acute extracellular matrix, inflammatory
and MAPK response to lengthening contractions in elderly human skeletal muscle. Exp. Gerontol. 2018, 106,
28–38. [CrossRef] [PubMed]
Takagi, R.; Ogasawara, R.; Tsutaki, A.; Nakazato, K.; Ishii, N. Regional adaptation of collagen in skeletal
muscle to repeated bouts of strenuous eccentric exercise. Pflugers. Arch. 2016, 468, 1565–1572. [CrossRef]
[PubMed]
Wessner, B.; Liebensteiner, M.; Nachbauer, W.; Csapo, R. Age-specific response of skeletal muscle extracellular
matrix to acute resistance exercise: A pilot study. Eur. J. Sport Sci. 2019, 19, 354–364. [CrossRef] [PubMed]
Schleip, R.; Müller, D.G. Training principles for fascial connective tissues: Scientific foundation and suggested
practical applications. J. Bodyw. Mov. Ther. 2013, 17, 103–115. [CrossRef]
Barbat-Artigas, S.; Rolland, Y.; Zamboni, M.; Aubertin-Leheudre, M. How to assess functional status: A new
muscle quality index. J. Nutr. Health Aging 2012, 16, 67–77. [CrossRef]
Brandan, E.; Gutierrez, J. Role of proteoglycans in the regulation of the skeletal muscle fibrotic response.
FEBS J. 2013, 280, 4109–4117. [CrossRef]
MacDonald, E.M.; Cohn, R.D. TGFβ signaling: Its role in fibrosis formation and myopathies. Curr. Opin.
Rheumatol. 2012, 24, 628–634. [CrossRef]
Alameddine, H.S.; Morgan, J.E. Matrix Metalloproteinases and Tissue Inhibitor of Metalloproteinases in
Inflammation and Fibrosis of Skeletal Muscles. J. Neuromuscul. Dis. 2016, 3, 455–473. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7089

50.
51.

52.
53.

54.
55.
56.

57.

58.

59.
60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

15 of 16

Mann, C.J.; Perdiguero, E.; Kharraz, Y.; Aguilar, S.; Pessina, P.; Serrano, A.L.; Muñoz-Cánoves, P. Aberrant
repair and fibrosis development in skeletal muscle. Skelet. Muscle 2011, 1, 21. [CrossRef]
Fragala, M.S.; Cadore, E.L.; Dorgo, S.; Izquierdo, M.; Kraemer, W.J.; Peterson, M.D.; Ryan, E.D. Resistance
Training for Older Adults: Position Statement From the National Strength and Conditioning Association. J.
Strength Cond. Res. 2019, 33, 2019–2052. [CrossRef] [PubMed]
Brown, S.; Day, S.; Donnelly, A. Indirect evidence of human skeletal muscle damage and collagen breakdown
after eccentric muscle actions. J. Sports Sci. 1999, 17, 397–402. [CrossRef] [PubMed]
Crameri, R.M.; Langberg, H.; Teisner, B.; Magnusson, P.; Schrøder, H.D.; Olesen, J.L.; Jensen, C.H.; Koskinen, S.;
Suetta, C.; Kjaer, M. Enhanced procollagen processing in skeletal muscle after a single bout of eccentric
loading in humans. Matrix Biol. 2004, 23, 259–264. [CrossRef] [PubMed]
Mackey, A.L.; Donnelly, A.E.; Turpeenniemi-Hujanen, T.; Roper, H.P. Skeletal muscle collagen content in
humans after high-force eccentric contractions. J. Appl. Physiol. 2004, 97, 197–203. [CrossRef]
McKee, T.J.; Perlman, G.; Morris, M.; Komarova, S.V. Extracellular matrix composition of connective tissues:
A systematic review and meta-analysis. Sci. Rep. 2019, 9, 10542. [CrossRef]
Holm, L.; Rahbek, S.K.; Farup, J.; Vendelbo, M.H.; Vissing, K. Contraction mode and whey protein intake
affect the synthesis rate of intramuscular connective tissue: Short Reports. Muscle Nerve 2017, 55, 128–130.
[CrossRef]
Moore, D.R.; Phillips, S.M.; Babraj, J.A.; Smith, K.; Rennie, M.J. Myofibrillar and collagen protein synthesis in
human skeletal muscle in young men after maximal shortening and lengthening contractions. Am. J. Physiol.
Endocrinol. Metab. 2005, 288, E1153–E1159. [CrossRef]
Mueller, M.; Breil, F.A.; Lurman, G.; Klossner, S.; Flück, M.; Billeter, R.; Däpp, C.; Hoppeler, H. Different
molecular and structural adaptations with eccentric and conventional strength training in elderly men and
women. Gerontology 2011, 57, 528–538. [CrossRef]
Chen, X.; Li, Y. Role of matrix metalloproteinases in skeletal muscle: Migration, differentiation, regeneration
and fibrosis. Cell Adh. Migr. 2009, 3, 337–341. [CrossRef]
Lo Presti, R.; Hopps, E.; Caimi, G. Gelatinases and physical exercise: A systematic review of evidence from
human studies. Medicine (Baltimore) 2017, 96, e8072. [CrossRef]
Scheede-Bergdahl, C.; Bergdahl, A.; Schjerling, P.; Qvortrup, K.; Koskinen, S.O.; Dela, F. Exercise-induced
regulation of matrix metalloproteinases in the skeletal muscle of subjects with type 2 diabetes. Diab. Vasc.
Dis. Res. 2014, 11, 324–334. [CrossRef] [PubMed]
Fukushima, K.; Nakamura, A.; Ueda, H.; Yuasa, K.; Yoshida, K.; Takeda, S.; Ikeda, S. Activation and
localization of matrix metalloproteinase-2 and -9 in the skeletal muscle of the muscular dystrophy dog
(CXMDJ). BMC Musculoskelet. Disord. 2007, 8, 54. [CrossRef] [PubMed]
Kherif, S.; Lafuma, C.; Dehaupas, M.; Lachkar, S.; Fournier, J.G.; Verdière-Sahuqué, M.; Fardeau, M.;
Alameddine, H.S. Expression of matrix metalloproteinases 2 and 9 in regenerating skeletal muscle: A study
in experimentally injured and mdx muscles. Dev. Biol. 1999, 205, 158–170. [CrossRef] [PubMed]
Lewis, M.P.; Tippett, H.L.; Sinanan, A.C.; Morgan, M.J.; Hunt, N.P. Gelatinase-B (matrix metalloproteinase-9;
MMP-9) secretion is involved in the migratory phase of human and murine muscle cell cultures. J. Muscle
Res. Cell. Motil. 2000, 21, 223–233. [CrossRef]
Hoier, B.; Nordsborg, N.; Andersen, S.; Jensen, L.; Nybo, L.; Bangsbo, J.; Hellsten, Y. Pro- and anti-angiogenic
factors in human skeletal muscle in response to acute exercise and training. J. Physiol. (London) 2012, 590,
595–606. [CrossRef] [PubMed]
Rullman, E.; Norrbom, J.; Strömberg, A.; Wågsäter, D.; Rundqvist, H.; Haas, T.; Gustafsson, T. Endurance
exercise activates matrix metalloproteinases in human skeletal muscle. J. Appl. Physiol. 2009, 106, 804–812.
[CrossRef]
Rullman, E.; Rundqvist, H.; Wågsäter, D.; Fischer, H.; Eriksson, P.; Sundberg, C.J.; Jansson, E.; Gustafsson, T.
A single bout of exercise activates matrix metalloproteinase in human skeletal muscle. J. Appl. Physiol. 2007,
102, 2346–2351. [CrossRef]
Urso, M.L.; Szelenyi, E.R.; Warren, G.L.; Barnes, B.R. Matrix metalloprotease-3 and tissue inhibitor of
metalloprotease-1 mRNA and protein levels are altered in response to traumatic skeletal muscle injury. Eur.
J. Appl. Physiol. 2010, 109, 963–972. [CrossRef]
Werle, M.J.; VanSaun, M. Activity dependent removal of agrin from synaptic basal lamina by matrix
metalloproteinase 3. J. Neurocytol. 2003, 32, 905–913. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7089

70.
71.

72.
73.
74.
75.

76.
77.
78.
79.

80.
81.

82.

83.
84.

16 of 16

Samuel, M.A.; Valdez, G.; Tapia, J.C.; Lichtman, J.W.; Sanes, J.R. Agrin and synaptic laminin are required to
maintain adult neuromuscular junctions. PLoS ONE 2012, 7, e46663. [CrossRef]
Bütikofer, L.; Zurlinden, A.; Bolliger, M.F.; Kunz, B.; Sonderegger, P. Destabilization of the neuromuscular
junction by proteolytic cleavage of agrin results in precocious sarcopenia. FASEB J. 2011, 25, 4378–4393.
[CrossRef]
Urso, M.L.; Pierce, J.R.; Alemany, J.A.; Harman, E.A.; Nindl, B.C. Effects of exercise training on the matrix
metalloprotease response to acute exercise. Eur. J. Appl. Physiol. 2009, 106, 655–663. [CrossRef] [PubMed]
Ross, M.D.; Wekesa, A.L.; Phelan, J.P.; Harrison, M. Resistance exercise increases endothelial progenitor cells
and angiogenic factors. Med. Sci. Sports Exerc. 2014, 46, 16–23. [CrossRef] [PubMed]
Nagase, H.; Yao, S.; Ikeda, S. Acute and chronic effects of exercise on mRNA expression in the skeletal muscle
of two mouse models of peripheral artery disease. PLoS ONE 2017, 12, e0182456. [CrossRef]
Lafleur, M.A.; Handsley, M.M.; Knäuper, V.; Murphy, G.; Edwards, D.R. Endothelial tubulogenesis within
fibrin gels specifically requires the activity of membrane-type-matrix metalloproteinases (MT-MMPs). J. Cell.
Sci. 2002, 115, 3427–3438. [PubMed]
Liu, Y.; Sun, X.; Feng, J.; Deng, L.-L.; Liu, Y.; Li, B.; Zhu, M.; Lu, C.; Zhou, L. MT2-MMP induces proteolysis
and leads to EMT in carcinomas. Oncotarget 2016, 7, 48193–48205. [CrossRef]
Peake, J.M.; Neubauer, O.; Della Gatta, P.A.; Nosaka, K. Muscle damage and inflammation during recovery
from exercise. J. Appl. Physiol. 2017, 122, 559–570. [CrossRef]
Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive
state of patients for the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]
Rubenstein, L.Z.; Harker, J.O.; Salvà, A.; Guigoz, Y.; Vellas, B. Screening for undernutrition in geriatric
practice: Developing the short-form mini-nutritional assessment (MNA-SF). J. Gerontol. A Biol. Sci. Med. Sci.
2001, 56, M366–M372. [CrossRef]
Hopkins, W.G. Assigning Subjects to Groups in a Controlled Trial. Sportsci 2010, 14, 7–12.
Lundby, C.; Nordsborg, N.; Kusuhara, K.; Kristensen, K.M.; Neufer, P.D.; Pilegaard, H. Gene expression
in human skeletal muscle: Alternative normalization method and effect of repeated biopsies. Eur. J. Appl.
Physiol. 2005, 95, 351–360. [CrossRef] [PubMed]
Takai, Y.; Ohta, M.; Akagi, R.; Kanehisa, H.; Kawakami, Y.; Fukunaga, T. Sit-to-stand Test to Evaluate Knee
Extensor Muscle Size and Strength in the Elderly: A Novel Approach. J. Physiol. Anthropol. 2009, 28, 123–128.
[CrossRef] [PubMed]
Hermens, H.J.; Freriks, B.; Disselhorst-Klug, C.; Rau, G. Development of recommendations for SEMG sensors
and sensor placement procedures. J. Electromyogr. Kinesiol. 2000, 10, 361–374. [CrossRef]
Shan, G.; Zhang, H.; Jiang, T. Correlation Coefficients for a Study with Repeated Measures. Comput. Math.
Methods Med. 2020, 2020, 7398324. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

